Oogenesis
Introduction
Successful execution of developmental programs depends on the correct integration of multiple signals encountered by each of the cells in the developing organism. This requires precise spatial and temporal control of the signaling pathways through cross-talk between the different players in the network (Danielpour and Song, 2006; Vivekanand and Rebay, 2006) . Misregulation of any of these events might have deleterious consequences, resulting in abnormal embryonic development and cancer.
In Drosophila, correct integration of multiple signals during oogenesis is essential for egg polarization and ensures precise spatial localization of maternal components that serve as initial positional cues for the developing embryo (Riechmann and Ephrussi, 2001; Ló pez-Schier, 2003) . The Drosophila egg develops from an egg chamber that consists of a germline cyste (one oocyte and 15 sister nurse-cells) surrounded by a monolayer of somatic cells (follicle cells) (King, 1970) . The nurse cells (NCs) synthesize most of the RNA and proteins required for the rapidly growing oocyte and transfer them into the developing oocyte through cytoplasmic bridges (ring canals) interconnecting the germline cells. Towards the end of oogenesis, the entire NC content is dumped into the oocyte and the NCs degenerate (Spradling, 1993) . Defects in 'dumping' result in NC persistence and the eggs produced display a typical 'dumpless' phenotype characterized by small eggs with an opened anterior end and defective dorsal respiratory filaments (dorsal appendages; DAs). Many of the pathways required for egg patterning have been elucidated (Berg, 2005) . Two key pathways include the Gurken (GRK)/EGFR pathway and the Decapentaplegic (DPP) pathway, which oppositely regulate an array of common downstream targets required for patterning of anterior structures (Nilson and Schü pbach, 1999; Van Eeden and St. Johnston, 1999; Dobens and Raftery, 2000) .
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We have previously described a female-sterile mutation spoonbill (spoon), which displays characteristic anterior patterning defects, a strong 'dumpless' phenotype, aberrant migration of specialized classes of FCs and abnormal condensation of chromatin in NC nuclei. Molecular analysis suggested defects in GRK/EGFR and DPP signaling pathways. Further studies identified additional genes that may interact with spoon, including genes involved in actin polymerization/depolymerization processes (Motola and NeumanSilberberg, 2004; Neuman-Silberberg, 2007) .
Here we report the molecular cloning and characterization of the spoon gene, which we found to be allelic to CG3249, predicted to encode a dual-specificity A-kinase anchor protein (AKAP). In the course of this work, we have generated and characterized new hypomorphic alleles for spoon/yu, which supported the notion that spoon played an essential role during oogenesis. We further show that in the ovary Spoon is targeted to at least two cellular organelles; mitochondria and Golgi, similar to some of the mammalian AKAP counterparts. CG3249 was previously termed Yu and found to play a role in long-term memory formation (Lu et al., 2007) . In this article, we will refer to the spoon gene as spoon/yu and to the mutant alleles as spoon.
Results

Mapping the spoon mutation
The original spoon mutation (referred to as spoon 1 ) was identified in a transgenic line generated for the study of an unrelated gene. Genetic analysis indicated that although both the P-element (with the transgene) and the spoon 1 mutant phenotype mapped to the same chromosome, they were not linked. spoon 1 was genetically mapped to division 1-14 on the X-chromosome, about 25 cM apart from the P-element insertion site in the transgenic line. Further mapping by complementation analysis with relevant X-chromosome deficiency lines, place the mutation at cytological subdivision 4F (Fig. 1A) . Examining the phenotypes of egg chambers produced by females that were trans-heterozygous for spoon 1 and the relevant deficiency-chromosomes revealed that they were as severe as the phenotypes observed with the spoon 1 homozygote (Supplementary Fig. S1 ; Compare panel B to F), which suggested that spoon 1 behaved like a strong hypomorph or a null allele. The smallest deletion that failed to complement spoon 1 , Def(1)Exle6290, deleted four genes; CG3252, CG3249, CG4165 and CG16756 (Fig. 1A and B) . According to BDGP (Berkley Drosophila Genome Project), CG3252 encodes a protein with cation-transporter activity, CG3249 an A-kinase anchor protein (AKAP), CG16756 an enzyme with Glycoside hydrolase activity, possibly involved in antimicrobial humoral response (De Gregorio et al., 2002) and CG4165, is allelic to the previously characterized fat facets (faf) gene (Fischer-Vize et al., 1992) , encoding a deubiquitinqating enzyme (Chen and Fischer, 2000) . We chose to focus on GC3249 as a candidate for spoon/yu, as it encoded a scaffold protein potentially capable of anchoring multiple signaling molecules. Such a protein was consistent with our prediction that spoon would encode a multifunctional protein (Motola and Neuman-Silberberg, 2004; Neuman-Silberberg, 2007) . To clone the gene, several complementary approaches were taken, which included generation of new mutant alleles, examination of CG3249 expression in wild type (wt) and mutant ovaries and rescue of the spoon mutant phenotypes by the CG3249 genomic region.
Generating new mutations in CG3249
To generate mutations in CG3249, line EP1400, bearing a P-element mapped to the first intron of the gene (Fig. 1C) , was subjected to P-excision mutagenesis. Out of 130 independent excision events screened, two lines were identified (spoon exc57 and spoon exc58 ), which failed to complement the spoon 1 mutation. Both lines were viable and female sterile, producing eggs with severe spoon-like phenotypes, and failed to complement Def(1)Exel6290 (Supplementary Fig. S1 ). These data suggested that both lines were new hypomorphic alleles of spoon/yu. In contrast, other excision lines tested (represented here by exc 36-32 and exc ) produced wt eggs, as would be expected for lines generated by precise excision events ( Supplementary Fig. S1 ). Intriguingly, PCR analysis using primers located within the region of the published P-insertion site in EP1400, revealed no alterations in this region. Remapping the P-insertion site by inverse PCR (not shown) revealed an additional P element (P2) about 1580 bps distal to the published insertion ( Fig. 2A) . Still, no specific aberrations could be detected at this second locus, as judged by PCR analysis. In this case, however, some PCR products that were readily obtainable with control DNA were never synthesized when using DNA templates from spoon exc57 and spoon exc58 (despite repeated efforts) ( Fig. 2A) . This led us to suspect that a large insertion, rather than a deletion, may be associated with the new spoon alleles. To test this notion, Southern analysis was performed ( Fig. 2B and C) , which suggested the presence of a 6.45 kb insert near the P2 site. This DNA fragment, which is most likely residual P-vector that has not been properly excised, could possibly have interfered with transcription, splicing and/or translation, thus, producing severe spoon alleles. The nature of the insertion(s) in spoon exc57
and spoon exc58 was not further analyzed.
2.3.
Expression of CG3249 transcript-A is diminished in spoon/yu mutant egg chambers CG3249 is predicted to produce three mRNA splice variants of 3357 (A), 3068 (B) and 3088 (C) nucleotides (Figs. 1C, 3A) . To differentially examine their expression in the ovary, transcript specific 5 0 exons (Gray bars in Fig. 3A ) were cloned into pGEMT in both orientations and used for Dig-labeled probe preparation. In situ hybridization revealed that transcript-A was most abundant in the ovary, already detectable in the NC cytoplasm of the youngest egg chambers and peaking at stages 9-10 ( Fig. 3B) . In egg chambers from all three spoon alleles, expression of transcript-A was severely diminished (Fig. 3B) , further supporting the notion that spoon was allelic to CG3249 (Yu) and that all available spoon alleles were severe hypomorphs. No expression of transcript-B could be detected in the ovary (not shown) and only very low levels of transcript-C were present in ovaries from both wt and spoon mutants ( Fig. 3B -only wt is shown), suggesting that transcript-C was not affected by the mutation. RT-PCR analysis using ovarian RNA confirmed that transcript-A was most abundant in the ovary, transcript C was much less abundant and the level of transcript-B was extremely low (PCR reactions for the different transcripts were performed with equal , spoon exc58 and controls. DNA digested with EcoRI or HindIII was probed with a dig-labeled 1.2 kb PCR fragment (prepared with primers P-121 and P-146) spanning the P2 insertion site (triangle). B. Pattern of HindIII digestion suggests that both excisions had an insertion of app. 6.45 kb near the P2 insertion site.
amounts of the same cDNA) (Fig. 3C ). In agreement with the in situ hybridization results, expression of transcript-A was diminished in all three spoon alleles, as determined by semi-quantitative RT-PCR (Fig. 3D ). Further analysis revealed that in addition to its expression in the ovary, transcript-A is expressed throughout development and is detectable in early (0-4 h) and late (4-24 h) embryonic stages as well as in larval and pupal stages (Fig. 3E ).
Rescuing the spoon mutation
To conclusively demonstrate that spoon was allelic to CG3249 (yu) an 8 kb genomic region that included 7 kb of the CG3249 gene as well as 750 bps upstream and 150 bps downstream regions, but excluded the neighboring genes, was cloned into the pCasPer4 transformation vector and used to generate transgenic lines. Integration of the construct in four independent lines was confirmed by PCR (data not shown) and rescue analysis was performed with two of the lines, in a spoon 1 or spoon exc58 background (Supplementary Table S1 ).
This analysis revealed that a single dosage of CG3249 transgene was sufficient to substantially rescue the spoon mutant phenotype and two copies fully restored fertility (Hatching recovered to 70% and 90%, respectively, for the two transgenic lines tested), confirming that spoon was indeed allelic to GC3249 (yu). Notably, two extra copies of the CG3249 transgene in a wt background had no obvious deleterious effect on eggshell patterning. 
SPOON/Yu is most homologous to vertebrate AKAP149, a dual-specificity A-kinase anchor protein
According to BDGP, CG3249 is predicted to encode three protein isoforms of 585-607 amino acid (aa) residues (predicted Mr of 65-67 kDa) of a dual-specificity A-kinase anchor protein (AKAP). Although numerous AKAPs exist throughout the animal kingdom (Wong and Scott, 2004; Smith et al., 2006; ) and two additional AKAPs were previously characterized in Drosophila Shamloula et al., 2002) , SPOON/Yu is homologous, at the amino acid level, to a single protein in vertebrates, designated AKAP149 (or AKAP1) in humans (Trendelenburg et al., 1996) . AKAP149 belongs to a family of dual-specificity AKAPs, capable of binding both RI and RII regulatory subunits of cAMP-dependent serine/threonine protein kinase A (PKA) (Wong and Scott, 2004; Gold et al., 2006) . SPOON/Yu and AKAP149 display a short stretch of homology at the amino terminus, corresponding to a (Fig. 4A, Supplementary Fig. S2 ). There is limited similarity in the middle region of the proteins and extensive homology in the carboxy-terminal half (starting at aa 269 in SPOON/Yu-A) ( Supplementary Fig. S2 ). Similar to AKAP149, SPOON/Yu contains several characteristic motifs, including KH and TUDOR domains, typically present in some RNA binding proteins (Ponting, 1997; Adinolfi et al., 1999) . Careful analysis of the sequence revealed two overlapping putative PKA-R binding sites in SPOON/Yu, between residues 383-404 (383-400 and 387-404) ( Fig. 4A ; isoform-A is depicted). These motifs, which resemble sequences previously implicated in dual-specificity PKA-R binding (Gold et al., 2006) ( Fig. 4A and B) , may like their counterparts, form characteristic amphipathic helices exposing the hydrophobic groups on one face of the helix, as demonstrated by the helical wheel illustration (Fig. 4B) .
In addition to anchoring the PKA holoenzyme, AKAPs serve as scaffold for several other signaling molecules (Smith et al., 2006) . AKAP149 and its splice variants bind Ser/Thr phosphatase P1 (PP1) (Steen et al., 2000) , cAMP dependent phosphodiesterase 4A (PDE4A) (Asirvatham et al., 2004) and phosphotyrosine phosphatase D1 (PTPD1) (Cardone et al., 2004) . We have identified a number of analogous sequences in SPOON/Yu, which may serve as docking motifs; RVSF (aa 177-180), matches the consensus motif (RVXF) involved in PP1 binding (Bollen, 2001 ) and a region spanning aa 25-116 in isoform-A, resembles a potential PTPD1 binding domain in Kinesin KIF1C (Fig. 4C) (Dorner et al., 1998 ).
Ovarian expression of SPOON/Yu
Expression of SPOON/Yu in the ovary was examined using an antibody produced in rabbits against a GST-SPOON/Yu fusion protein as well as a commercial antibody directed against the C-terminus of human AKAP149, which is most conserved between human and fly. Although both antibodies worked well for immunohistochemistry, only the Drosophila antibody was useful for Western analysis. Using the latter to probe Western blots, two polypeptides of app. 66 and 72 kDa were detected in extracts from wt ovaries, roughly in agreement with the 65-67 kDa Mrs predicted for SPOON/Yu polypeptides. These polypeptides could not be detected in ovarian extracts from either spoon 1 , spoon ecx57 or spoon ecx58 , but were readily detectable in extracts from spoon ecx36-18 control females and from spoon 1 mutants harboring two copies of the CG3249 rescue construct (marked as spoon-M1) (Fig. 5A) .
Immunostaining with the specific anti-SPOON/Yu antibody (Fig. 5B) or with the anti-AKAP149 antibody (Supplementary Fig. S3 ) revealed that the protein was expressed early in oogenesis (detected already in stage II of the germarium) and persisted in the NCs throughout stage 9 (Fig. 5B) . With anti-AKAP149, SPOON/Yu could be detected in even older egg chambers (Supplementary Fig. S3 ). The accumulating protein appeared particulate, suggesting possible association with membranous compartment/s. No distinctive antibody staining was detected in egg chambers from the various spoon/yu mutants ( Fig. 5C and D) , which correlated well with the Western blot results. SPOON/Yu staining was largely observed in the NCs and only on a few occasions could some staining be detected also in FCs ( Fig. 5B and E) . However the latter was always associated with an overall high background staining and, even then, was observed only in older egg chambers. Furthermore, similar FC staining (or background) could sometimes be detected also with the spoon/yu mutants, without any detectable staining in the germline (Fig. 5C ). Our previous work suggested that spoon/yu may play a role in Border Cell polarization and migration, which was independent of its function in the germline. Further studies with mutant FC clones revealed, however, that none of the major FC subpopulations was involved (Neuman-Silberberg, 2007) . We have currently no conclusive data regarding the expression of SPOON/Yu in the somatic cells of the ovary.
The fact that we could not detect even traces of protein in any of the spoon mutants was rather surprising, given that both the Drosophila and the human antibodies were expected to detect all three SPOON/Yu isoforms, including isoform-C, whose mRNA appeared unaffected in the mutants. This discrepancy could be settled if we consider the possibility that in addition to affecting expression of transcript-A, the In the mutants, no distinct staining was observed (C and D). Oo-oocyte. Ncn-nurse cell nucleus, gr-germarium. Anterior is left.
residual P insertion at the P2 site, which is positioned in the middle of the first intron of transcript C, might have interfered also with efficient translation of isoform-C. Although spoon 1 is a separate case, we suspect that the mutation might also have been caused by a P-element insertion (or insertion/ imprecise excision), most likely, into the large first intron of CG3249. This argument is supported by two pieces of data. First, spoon 1 mutation had occurred during the generation of a transgenic P-element insertion line. Secondly, sequencing all of CG3249 exons (both strands were sequenced) off spoon 1 's genomic DNA revealed that the protein coding region was intact and did not carry any mutations. This could explain the total lack of protein expression seen also with spoon 1 (Fig. 5A ).
SPOON/Yu co-localizes with mitochondria and Golgi compartments
AKAP149 and its isoforms are tethered to mitochondria via an N-terminal targeting motif, which interacts with btubulin, an integral component of outer mitochondrial membrane (Cardone et al., 2002) . In addition, one of the isoforms bearing a modified N-terminus is tethers to the ER (Huang et al., 1999) . Co-immunostaining of ovaries harboring a YFP-tagged outer mitochondrial membrane protein (LaJeunesse et al., 2004) with anti-GFP and anti-SPOON/Yu (Fig. 6A ) (or anti-AKAP- Supplementary Fig. S4 A and B) indicated that, like its mammalian ortholog, SPOON/Yu localizes to mitochondria. In addition, SPOON/Yu was found to also co-localize with P120, a peripheral Golgi marker (Stanley et al., 1997 ) (anti-SPOON/Yu- Fig. 6B ) (Anti-AKAP- Supplementary Fig. S4 C) . On the other hand, we were unable to detect significant localization of SPOON/Yu with a GFP tagged-ER protein Disulfide Isomerase (PDI) (Morin et al., 2001 ) (not shown) or with the KDEL-Receptor, an integral membrane protein of the Golgi/intermediate compartment (Dean and Pelham, 1990) (Fig. 6C) .
Searching for potential Golgi targeting sequences in SPOON/Yu, we have identified a short sequence that resembled a mapped Golgi targeting sequence in AKAP350 (Shanks et al., 2002 ) (aa 3261-3307 in isoforms-A and B, aa 315-371 in isoform-C) ( Supplementary Fig. S5 ). Whether this region actually functions as a Golgi targeting sequence, awaits further work. It is worth noting that only a fraction of SPOON/Yu appeared to localize to mitochondria or Golgi (Fig. 6 , Supplementary Fig. S4) , raising the possibility it may yet localize to additional cellular compartments. 
General properties of SPOON/Yu
Spatial coordination and specificity of multiple signaling events may be achieved through the combinatorial assembly of an array of regulatory enzymes onto a single scaffold-protein that targets the complex to specific subcellular locations. This provides the means of restricting the action of pluripotent enzymes toward only a few of their potential substrates (Scott and Pawson, 2009) . For example, the cAMP dependent protein kinase-A (PKA), which is activated by ubiquitous cAMP, displays precise spatial-temporal action (Daniel et al., 1998; Shabb, 2001 ). Such regulation is achieved by tethering of the PKA holoenzyme together with additional cAMP signaling elements, such as PDE, to A-kinase-anchor proteins (AKAPs) that anchor the complex to specific organelles. The activity of PKA is then finely tuned by negative feedback loops of phosphorylation/dephosphorylation between PKA and PDE, which ultimately leads to local fluctuations in cAMP levels and concomitant pulses of PKA activity (Tasken and Aandahl, 2004; McCahill et al., 2005; McConnachie et al., 2006; Pidoux and Taské n, 2010) .
Two AKAPs with RII binding activity were described in Drosophila, AKAP550 and AKAP200. AKAP550 is expressed in many tissues (Han et al., 1997) and may affect multiple signaling pathways including EGFR and Notch (Shamloula et al., 2002) . Its mammalian ortholog, Neurobeachin (Wang et al., 2000) was proposed to interact with the protein sorting machinery (Nagle et al., 1996) . AKAP200 anchors to subcortical regions of the cell membrane and regulates actin cytoskeletal structures and ring canal morphogenesis during oogenesis Jackson and Berg, 2002) . It genetically interacts with Src tyrosine kinase (Jackson and Berg, 2002) , which also functions in ring canal morphogenesis (Cooley, 1998) . spoon/yu, characterized here in the ovary, is predicted to encode a dual-specificity AKAP (with RI and RII binding specificity), the only one currently known in Drosophila. Careful analysis of the protein sequence suggested that all major protein-binding motifs present in AKAP149 (and in some of its variants) may also exist in SPOON/Yu. These include a dual-specificity RI/RII binding site, a conserved PP1 anchoring motif and maybe a region involved in PTPD1 binding. Although a PDE binding site could not be predicted, as the motif has not yet been precisely defined, it is reasonable to assume that if SPOON/Yu tethers PKA it should also tether PDE. Whether SPOON/Yu actually interacts with the entire repertoire of enzymes mentioned above and/or with additional ones awaits further studies.
Similar to AKAP149, SPOON/Yu localizes to mitochondria. However, unlike the case for one of the AKAP149 variants, we could not detect ER localization, but rather detected localized to Golgi. Since we are currently unable to distinguish between the three SPOON/Yu isoforms, we could not examine whether localization to a specific organelle was isoform specific. Notably, while the mitochondrial targeting signal in isoforms-A and B is most N-terminal, in isoform-C it is preceded by a short sequence of 22 amino acid residues of unknown function, which may raise some speculative ideas about its possible role in Golgi targeting of isoform-C. For example, this short peptide may, perhaps, mask the adjacent mitochondrial signal, allowing Golgi localization. Another curious point was the observation that only a fraction of SPOON/Yu protein particles co-localized with either mitochondria or Golgi, raising the possibility that the protein may prove to associate with additional compartments. AKAP149, for example, localizes also to the nuclear envelope and binds nuclear lamins (Steen et al., 2000; Steen and Collas, 2001) .
The data presented here indicate that transcript-A, the major spoon/yu ovarian transcript, was expressed throughout development. Nevertheless, it appeared to be essential only in oogenesis, as no other defects were observed with the spoon mutants. This could suggest that isoform-B and/or C were probably able to compensate for the loss of isoform-A in all other tissues but the ovary. Alternatively, during other developmental stages the function of SPOON/Yu may be redundant to that of AKAP550, AKAP200 and/or other AKAPs.
Possible roles for spoon/yu in the ovary
We have previously shown that mutations in spoon/yu resulted in a plethora of ovarian defects including aberrant axial polarity, failure of NC degeneration in late oogenesis, alteration in actin polymerization, persistent NC DNA condensation and altered BC migration (Motola and Neuman-Silberberg, 2004; Neuman-Silberberg, 2007) . Given the pluripotent nature of the enzymes tethered to AKAPs and their involvement in many cellular functions, it is not too surprising that mutation in spoon/yu produced many seemingly unrelated phenotypes. In the following section we look at some of the roles established for several of the AKAP-tethered enzymes, present relevant data currently available for Drosophila and discuss it in the context of the spoon associated phenotypes.
Apoptosis
The involvement of PKA and PDE in the regulation of cell death has been widely demonstrated (Insel et al., 2011) . PKA and the phosphoserine phosphatase PP1, which are mitochondrial-associated, were shown to regulated cell survival events by altering the phosphorylation states of apoptosisrelated proteins such as the Bcl family of pro and antiapoptotic proteins (Harada et al., 1999; Danial et al., 2003) . Surprisingly, the effect of cAMP on cell survival appears to be more complex than initially anticipated. Numerous experiments have shown that increase in cAMP levels may sometimes promote cell survival, while other times inhibit it, depending on cell type and experimental conditions (Insel et al., 2011) . In Drosophila, NC degeneration in late oogenesis reveals an apoptosis associated conformational change in cytochrome c, which may suggest mitochondrial involvement in this process (Peterson et al., 2007; Velentzas et al., 2007) . Taken together, these data may support the notion that the 'dumpless' phenotype associated with the spoon mutation reflected defects in NC apoptosis due to lack of appropriate PKA signaling.
Actin dynamics
cAMP-dependent (and independent) phosphorylation events were linked also to alterations in actin filament remodeling, mediated through regulation of the P21-activated family of kinases (PAKs) and their downstream effectors of the LIM Kinase (LIMK) family (Dan et al., 2001; Niwa et al., 2002; Soosairajah et al., 2005; Nadella et al., 2009) . Notably, the type-II PAK kinases PAK5 and PAK6 are predominantly mitochondrial (Cotteret et al., 2003) , while PAK4 may shuttle between cytoplasmic compartments and localize to Golgi when co-expressed with active Cdc42 (Abo et al., 1998) . These pathways impinge on the activity of the actin depolymerizing factor ADF/Cofilin (allelic to twinstar in Drosophila; Gunsalus et al., 1995) , which is a major regulator of actin filament assembly/disassembly (Bernstein and Bamburg, 2010) . Drosophila Mbt, which is a close homolog of human PAK4, PAK5 and PAK6, is required for neuronal cell survival in brain structure known as mushroom bodies and is involved in learning and memory (Melzig et al., 1998) . Interestingly, mammalian PAK5 is also highly expressed in the brain (Dan et al., 2002) . Moreover, similar to its mammalian homolog, Mbt has recently been implicated in the regulation of actin polymerization and cell adhesion (Menzel et al., 2007) . In this context, it is worth noting that SPOON/Yu was reported to be specifically expressed in the mushroom bodies and required for memory formation (Lu et al., 2007) . Taken together, these pieces of data may support the possibility of some functional connection between Mbt and SPOON/Yu. Coming back to oogenesis, the next obvious question we would like to ask is whether Mbt is also expressed in the ovary, and if so, whether it may interact with SPOON/Yu.
Most recently, ADF/Cofilin gained renewed interest, emerging as a key agent of cell homeostasis (Bernstein and Bamburg, 2010) . Among others, ADF/Cofilin was found to translocate to mitochondria in response to certain signals and was suggested to play an important role in apoptosis, which was independent of actin polymerization (Bernstein and Bamburg, 2010) . These exciting findings provide a new perspective of how seemingly unrelated pathways may be interconnected and coordinated to elicit a precise physiological response, which may well be relevant also in the case of the multiple phenotypes associated with mutations in spoon/yu.
Functions of mitochondrial Src/PTPD1 complex
An additional enzyme tethered by AKAP149 (and its splice variants) to mitochondria is the phosphotyrosine phosphatase PTPD1. This enzyme was found to bind to Src, recruiting it to mitochondria (Cardone et al., 2004) . Studies with AKAP121 (a splice variant of AKAP149) suggest that targeting the PTPD1-Src complex to mitochondria may limit the availability of activated Src at the cell membrane (Cardone et al., 2004) , thus regulating PTPD1-Src dependent EGF signaling to the nucleus (Feliciello et al., 2005) . Additionally, mitochondrial tethered Src and PKA, have been implicated in mitochondrial functions such as ATP generation (Livigni et al., 2006) . Two partially redundant src homologs, src64 and src42A, were reported in Drosophila (Dodson et al., 1998; Takahashi et al., 2005) . In the ovary, they both localize to NC and oocyte plasma membranes and to the inner rim of the ring canals (Dodson et al., 1998; Takahashi et al., 2005) . Notably, SPOON/Yu (CG3249) and src42A were recently picked up in a genomewide iRNA screen for modulators of mitochondrial function (Chen et al., 2008) , suggesting that they may fulfill roles similar to those of their mammalian counterparts.
In conclusion, our data are consistent with the idea that similar to its mammalian ortholog AKAP149, SPOON/Yu may serve as scaffold for a number of kinases and phosphatases and target the complex to at least two distinct subcellular compartments in the ovary; mitochondria and Golgi. The growing body of evidence implicating theses mitochondrialanchored enzyme-complexes in diverse cellular processes and the emerging data regarding the function of some Drosophila counterparts, makes it attractive to speculate that SPOON/Yu may play a central role in the regulation of both actin polymerization and cell survival that were recently found to intertwine, and may also be required for normal mitochondrial function. Future studies should focus on confirming the identity of the enzymes associated with SPOON/Yu, examining localization to additional subcellular compartments, and most importantly, screening for compartment specific targets that may be regulated by the SPOON/Yu-associated enzyme complex, in order to better understand spoon/yu's significance in development.
4.
Experimental procedures
Fly stocks
The following stock were used; OreR (wt); spoon 1 (Motola / FM7 from each of the crosses were crossed to Y/FM7 males (in a few cases, progeny that had extremely light orange eyes, which were easily distinguishable from those of the parent EP1400 strain were also tested) to establish balanced stocks. Next, complementation analysis was performed, and those that did not complement the spoon 1 mutation were further analyzed by PCR.
Molecular methods
General
Genomic DNA was prepared by standard procedures and RNA was prepared with Tri-Reagent (Sigma-Aldrich). Inverses-PCR was according to the method by Rehm, at BDGP resources (http://www.fruitfly.org/about/methods/inverse.pcr.html). Standard PCR reactions were performed for 30-35 cycles. Qualitative RT-PCR was done in two steps; cDNA was synthesis with MMuLV (ABgene). Semi-quantitative RT-PCR was performed with the ''One-Step RT-PCR SuperScript I'' kit (Invirtogen). Southern and Western analysis and the molecular cloning (of CG3249 genomic region and transcript-specific exons) were performed by standard protocols. For Southern analysis, a Digoxigenin (Dig)-labeled DNA probe was prepared by PCR with a kit from Roche. For Western analysis, ovaries were ground in 2· sample buffer, boiled and loaded on the gel (three ovaries/lane). Blots were probed with anti-SPOON/Yu antibody (1:50,000) and anti-a-tubulin (clone # 12G10 DSHB; 1:30.000). HRP-conjugated anti-rabbit and antimouse IgG (Jackson ImmunoResearch; at 1:4000 and 1:20,000, respectively) were used as secondary antibodies.
Cloning of GC3249 genomic region
GC3249 genomic region was cloned in two steps. Initially, two overlapping PCR fragments (with a unique restriction site in the overlap region) were generated and subcloned into pGEMT (Promega). Subsequently, these fragments were excised by digesting with the appropriate enzymes (one of which was the unique enzyme in the overlap) and ligated together into pCasPer4 (Thummel and Pirrotta, 1992) to reconstruct the entire 8 Kb CG3249 region, which was confirmed by sequencing.
Preparation of anti-SPOON/Yu antibody
A 378 bp PCR amplified fragment corresponding to residues 139-264 of SPOON/Yu (polypeptides A and B) was cloned into pGEX5X-1 vector (GE Healthcare). The 50 kDa GST-SPOON/Yu fusion protein produced upon induction was used for custom made polyclonal antibodies in rabbits (Life Tein LLC, USA).
4.4.
RNA in situ hybridization and immunohistochemistry
In situ was as in Tautz and Pfeifle (1989) . Dig-labeled (sense and antisense) transcript specific RNA probes (CG3249 transcripts A-C) were prepared with a kit from Roche and hybridized to ovaries at 55°C. Immunostaining was as in Neuman-Silberberg and Schü pbach (1996) , using the newly prepared polyclonal rabbit anti-SPOON/Yu antibody, polyclonal goat anti-human AKAP149 (Santa Cruz; 1:100), mouse anti-GFP (Santa Cruz; 1:100), mouse anti-Drosophila Golgi P120 (Calbiochem; 1:400) and mouse anti-KDEL receptor (Calbiochem, 1:300). Secondary antibodies; Cy3-conjugated anti-rabbit, Cy3-conjugated anti-goat, and CY5-conjugated anti-mouse IgG (Jackson ImmunoResearch) . Egg chamber staging was as in King (1970) .
Microscopy and photography
Cuticle preparations and stained ovaries were visualized by Darkfield and Nomarski optics, respectively, with a Leica DMR microscope. Images were taken with a Spot RT-slider digital camera. Confocal sections were taken with a Zeiss LSM510 inverted confocal microscope. Pictures were minimally manipulated using Photoshop.
